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While the Newtonian gravitational constant, the gas
constant, and the Stefan-Boltzmann constant play no
role as yet in a least-squares adjustment, they are still
of great intrinsic importance. In view of the fact that
no postwar measurements of R exist, it would seem
that new and improved measurements would be espe-
cially in order. Thus, Quinn’s [25.6] recent proposal
for determining R from velocity of sound measure-
ments should no doubt be actively pursued.

In conclusion, we believe that there is much useful
work yet to be done in the fundamental constants field
and that the romance of the next decimal place should
be passionately pursued, not as an end in itself but for
the new physics and deeper understanding of nature
that presently lie concealed there.
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Notes Added in Proof

We note here recent. developments relevant to.the
subject matter of this paper that have occurred or
have come to our attention since its completion. (Each
paragraph is keyed to the corresponding section in the
text.) }

1. 2elh from the Josephson Effect. Experimental tests
of the exactness of the Josephson frequency-voltage
relation (upon which the determination of 2e/h de-
pends) have yet to uncover any deviations. Two of the
more recent attempts to detect such deviations are
those of J. C. Gallop (National Physical Laboratory
Report Qu 25, August, 1973) and J. C. Macfarlane
[Appl. Phys. Lett. 22, 549 (1973)]. T. A. Fulton [Phys.
Rev. B 7, 981 (1973)] has shown theoretically that any
“corrections” to 2e/h as obtained from the Josephson
frequency-voltage relation would imply a breakdown in
Faraday’s law.

2,4. Volt and Ohm Intercomparisons. A regular
triennial international comparison at BIPM of the as-
maintained units of voltage and resistance of the
various national laboratories was carried out during the
first half of 1973. However, at the time of this writing
(November, 1973), the final results of these intercom-
parisons were not yet available.

3. Speed of Light. T. G. Blaney et al. [Nature 244,
504 (1973)] have recently confirmed one of the more

important intermediate frequency ratios of Evenson et -

al.’s [3.1] measurement of the frequency of the
methane stabilized He-Ne laser which determined the
value of ¢ recommended by the CCDM at their June,
1973, meeting (see sec. I11.A.3). We have, of course,
adopted the CCDM value as our recommended value.
We also note that the Comité International des Poids

et Mesures (CIPM), at its 62nd meeting held in-

October, 1973, has now approved the June recommen-
dations of the CCDM (E. Ambler, private communica-
tion).

7. Bound State g-Factor Corrections. The theoretical
bound state g-factor corrections of Grotch and Heg-
strom which werc used in scction IILA.7 have received
additional experimental support. J. S. Tiedeman and
H. G. Robinson (4tomic Physics 3, Ed. by S. J. Smith
and G. K. Walter (Plenum Press, New York, 1973), p.
85) report the preliminary experimental result

&(H, 125 p)ge = 1-17.69(10) x 1075,

which compares favorably with the theoretical result of -

eq (7.2a), 1-17.705 x 107%. Furthermore, Grotch and
Hegstrom [Phys. Rev. A 8, 1166 (1973)] have extended
their work to helium and find

giHe,2 35 ))/g;(H,1 2S,,5) = 1-23.212 x 1075,
(See also M. L. Lewis and V. W. Hughes, Phys. Rev.

A 8, 2845 (1973).) This result is in good agreement
with the experimental measurements of E. Aygiin, B.

J. Phys. Chem. Ref. Data, Vol. 2, No. 4, 1973

D. Zak, and H. A. Sugart [Phys. Rev. Lett. 31, 803
(1973)] who find the ratio to be 1-23.50(30) x 10-%.

9. Atomic Masses. The relative atomic masses of the
nuclides of Wapstra, Gove, and Bos which are listed in
table 9.1 and which we have used herein have been
further updated by these workers prior to final publi-
cation by taking into account the most recent data.
However, the resulting changes in the values of table
9.1 (one or two digits in the last place) are entirely
negligible as far as our recommended values are
concerned.

10. Rydberg Constant. We note here that laser
saturated absorption spectroscopy may shortly yield a
value of R. accurate to 1 or 2 parts in 10%. (See T. W.
Hiansch, 1. S. Shahin, and A. L. Schawlow, Nature
Phys. Sci. 235, 63 (1972).) Indeed, Hinsch (private
communication) is well on the way towards obtaining
such a result.

12. 4bsolute Ampere. In a private communicartion, S.
V. Gorbatsevich has provided us with further results of
the VNIIM absolute ampere experiments. However, a
detailed description of the work is not given. He
reports that Ayyye:/A was found to be as follows in
the years indicated: »

1966: 1.0000165(27) (2.7 ppm),
1968: 1.0000158(16) (1.6 ppm),
1969: 1.0000162(18) (1:8 ppm).

The quoted uncertainties are the statistical standard
deviations of the means of some 80 to 90 measure-
ments. Correcting for known changes in the as-
maintained VNIIM ohm, and using the results of the

1967 BIPM triennial intercomparison, Gorbatsevich
finds for K = Ape/A:

1966: 0.9999965(27) (2.7 ppm),
1968: 0.9999963(16) (1.6 ppm),
1969: 0.9999973(18) (1.8 ppm).

These data yield a weighted mean of 0.9999967(12).
Taking into account the most recent determinations of
the gravitational acceleration introduces a —1.0 ppm
correction to this result while the estimated effect of
wire strain leads to a (2.0 = 1.0) ppm correction.
Thus, Gorbatsevich reports the final value

K = 0.9999977(60) (6.0 ppm),

where the quoted uncertainty now includes both
random and systematic uncertainty components.

The above result may be compared with our recom-
mended value, K = 1.0000007(26) (2.6 ppm). The 3.0

Downloaded 04 Jun 2011 to 129.6.13.245. Redistribution subject to AIP license or copyright; see http://jpcrd.aip.org/about/rights_and_permissions



LEAST SQUARES ADJUSTMENT OF THE FUNDAMENTAL CONSTANTS 731

ppm -difference between the two is clearly consistent
with the assigned uncertainties. Although information
concerning the VNIIM result sufficient for us to
‘seriously consider it as a potential stochastic input
datum is presently not available, we do note that if it
Were included, our recommended values for the var-
ious constants would change by only small fractions of
thelr assigned uncertainties. Similarly, the uncertain-
ties themselves would change by only small amounts.
This may be readily seen from table I. We give there
in the column labeled Case A representative results of
‘an adjustment identical to that used to obtain our final
tecommended values but with the VNIIM datum
included. (For this adjustment, x? is 14.71 for 22
degrees of freedom; Ry = 0.82.) For reference pur-
‘poses, we also repeat in the second column of the
table the final recommended uncertainties of the
‘Felevant quantities as originally given in tables 33.1
-and 33.2. A comparison of the two columns clearly
shows that any changes in our recommended values
due to the VNIIM result would be etitirely negligible.

15. Proton Magnetic Moment in Nuclear Magnetons.
“The final report by Petley and Morris [J. Phys. A:
‘Math., Nucl. Gen. 7, 167 (1974)] on their omegatron
‘measurements of uh/uy gives

iy = 2.7207748(20) (0.72 ppm),

48 the final result of their work. This may be
Gompared with the value given in their preliminary
‘i_eport, ref. [15.13], and which we have used in the
bfésent paper:

up/uxn = 2,7297748(23) (0.82 ppm).

Although the result itself is unchanged, the final
uncertainty is 0.1 ppm less than the preliminary
uncertainty. However, this change is obviously entirely
negligible as far as our final recommended values are
concerned. Its primary effect would be to lower the
uncertainty of our recommended values for up/uy and
other closely related quantities such as u,/uy and
my/m, from 0.38 ppm to 0.37 ppm. With regard to
the numerical values of these three constants them-
selves, they would increase by only 0.02 ppm. Other
constants would generally change by less than 0.01 -
ppm.

16. Ratio, kxu to dngstrim. The combined x-ray and
optical interferometer measurement of. A by Deslattes
and collaborators at the National Bureau of Standards
which was discussed in sections I1.B.16 and 17 has
advanced .to the point where reliable results are now
available. R. D. Deslattes and A. Henins [Phys. Rev.
Lett. 31, 972 (1973)] report that

A = 1.0020802(10) (1.0 ppm),

based on the x-unit scale we have used herein
(MCuKa,) = 1.537400 kxu). This value exceeds our
final recommended value given in table 33.2,

A = 1.0020772(54) (5.3 ppm),

by only 3.0 ppm, well within the 5.3 ppm uncertainty
assigned the latter. Thus, the two values are quite’
consistent.

It is of interest to investigate the effect of this new
result on our recommended values of the constants. If
it were simply nsed as an additional stochastic input

TABLE 1. Possible changes in our final recommended values for various changes in input
data
ppm ppm change in recommended value (first number),
uncertainty and in its uncertainty (second number)
in final rec-
Quantity | ommended
value
(from Case A? Case B? Case C° Case D4
tables
33.1, 33.2)
al 0.82 0.03 0.00}-0.01 0.00{ 0.01 0.00}-0.03 0.04
Apo/A 2.6 -0.5 -0.2 7 03 -0.1 ] 0.2 -0.1}1 00 0.0
N, 5.1 0.9 —-0.4 1-0.7 —-0.1 {-0.5 —0.2 0.0 0.0
Qg2 0.19 0.00 0.00{ 0.00 0.00f 0.00 0.00f 0.00 0.00
A 5.3 -0.2 0.0 | 29 -4.3 | 3.1 ~-4.31 00 00
. 2.3 0.0 0.0 | 00 0.0 00 0.0] 00 02
e 2.9 -0.5 -0.2 ] 0.4 -0.1| 0.2 -0.1{ 0.0 0.0
I3 5.4 -1.0 ~0.4{ 07 ~0.1} 05 -0.2 | 0.1 0.0
m, 5.1 -0.9 -0.4 | 0.7 -0.1] 05 -0.21 00 0.0
F 2.8 0.4 -0.1 |-0.3 0.0 {-0.3 -0.1]1 00 0.1
Y 2.8 0.4 ~0.1 |-0.3 -0.1 ]-0.3 -0.1] 00 0.0
ol 0.38 0.00 0.00y 0.00 0.00{ 0.00 0.00f 0.00 0.00

a8 VNIIM value for K = Apyy/A included.

¢ Deslattes-Henins value for A included but most x-ray data deleted.

calculation

for C, used.

b Deslattes and Henins’ value for A included.

¢ Carroll and Yao’s

4. Phys. Chem. Ref. Data, Vol. 2, No. 4, 1973
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datum with an uncertainty as given, then we would
obtain the results summarized in table I in the column
labeled Case B. Clearly, our final recommended values
for the various constants would change by only small
fractions of their assigned uncertainties and the uncer-
tainties themselves would change by only small
amounts. The only exception, of course, would be A
itself. For this quantity we would find

A = 1.00208010(98) (0.98 ppm),

very nearly the Deslattes-Henins input value. (For this
adjustment, x? is 14.81 for 22 degrees of freedom; Rjp
= 0.82.)

The above procedure would, however, be rather
unrealistic since Deslattes and Henins’ result now
makes obsolete all of the x-ray data except perhaps
the two measurements of N,A3. (This is obviously true
for the three values of A, eqs (16.3), (16.5), and (16.7).
It is also true for the two values of A, egs (18.2) and
(18.3), since A in metres as determined from R. and
a is so well known that the x-ray measurements of A
are cssentially determinations of A.) Thus, using the
same data as were used in our final adjustment but
with eqgs (16.3), (16.5), (16.7), (18.2), and (18.3) re-
placed by the Deslattes-Henins value of A, and
without expanding the uncertainties of either this value
or the two values of N,A® since they are highly
compatible, we obtain the results of Case C in table 1.
(For this adjustment, x% is 11.21 for 18 dcgrces of
freedom; Ry = 0.79.) Clearly, the remarks made con-
cerning Case B hold for this case as well. The
adjusted value of A would be

A = 1.00208027(98) (0.98 ppm).

We also note that with the availability of the
Deslattes-Henins result, including even the two N ,A3
determinations as was done above is questionable. The
reason is that the new result, in combination with the
two measurements of N A%, yields a value of N, with
an uncertainty just about three times larger than the
uncertainty in the value of ¥, implied by the other
data {see eq (34.1)]. Conversely, the value of A implied
by this value of N, and the two available determina-
tions of N,A3 hae an uncertainty close to five times
that of the Deslattes-Henins result. Thus, one could
seriously consider discarding all of the x-ray data

- except the new value of A.

19. Electron Anomdlous Moment. Two new values of
C, have become available since the completion of our
paper. The recalculation by Wright and Levine dis-
cussed in section I1.C.19 has now been completed [M.
J. Levine and J. Wright, Phys. Rev. D, 8, 3171
(1973)1. They report

Levine, Wright: €, = 0.883(60).

J. Phys. Chem. Ref. Data, Vol. 2, No. 4, 1973

This result includes the analytic (exact) values for a
number of graphs as calculated by M. J. Levine and
R. Roskies [Phys. Rev. Lett. 30, 772 (1973)], some of
which have been recently confirmed by K. A. Milton,
W. Tsai, and L. L. DeRaad (Phys. Rev., to be
published). A new, completely numerical calculation
by R. Carroll and Y. P. Yao [Phys. Lett. 48B, 125
(1974)] using the mass operator formalism gives

Carroll, Yao: C, = 0.737(60).

Both of these new results may be compared with that
of Kinoshita and Cvitanovic which we have used in the
present work [eq (19.6)]:

Kinoshita, Cvitanovic: C, = 1.02440). (19.6)
Clearly, these three values of C, are in rather poor
agreement. The value of x* for their weighted mean is
16.43 (R; = 2.9). The probability for two degrees of
freedom that a value of x? this large or larger could
occur by chance is less than 3 in 10°. Further work
will be required to resolve this discrepancy.

Two additional calculations of C; have alsv re-
cently been completed. J. Calmet and A. Peterman
[Phys. Lett. 47B, 369 (1973)] find C, = 0.366(10); C.
Chang and M. J. Levine (as quoted in the above
Levine and Wright paper) find C; = 0.370(13). These
two results are in excellent agreement and yield a
weighted mean of C; = 0.367(8). The value of C; we
have used in the piesent paper as obtained by Aldins
et al., C, = 0.36(4) [see eq (19.5)], is obviously in quite
good agreement with the two new calculations.

Tt is of interest to investigate the effect of the new
results for C on our final recommended values. (The
effect of the two new calculations of C; alone would be
undiscernible since a 0.007 change in C; and hence in
C corresponds to only a 0.08 ppm change in the
implied value of a!(a,).) Following section I1.C.19 but
taking the value of C, as appropriate and C, = 0.367(8)
as above, we find

Levine, Wright
C = 1.152(61),
a Ya,) = 137.03543(42) (3.1 ppm);

Carroll, Yao

¢ = 1.006(56),
a Ya) = 137.03521(42) (3.1 ppm).
These values may be compared with the corresponding
values used in the present work which were based on
the resulis of Kinoshita and Cvitanovie, and the value
C., = 03004 of Aldins et al.:
€ = 1.985057), 19.7)

a '(a,) = 137.03563(42) (3.1 ppm). (19.8)

I'he uncertainty in these values of a™'(a.) is due
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arily to the 3.0 ppm experimental uncertainty in
(19.1)]. Thus, this uncertainty masks the changes
Yae) of (—1.5 = 0.8) ppm and (-3.1 = 0.8) ppm
-to the changes in C which follow respectively from
L.evine-Wright and Carroll-Yao calculations.

:As an example of the influence of these new values
~a.) on our final recommended values for the
stants, we consider the more extreme case; that of
roll and Yao. Using the value of a~'(a.) implied by
ir calculation in place of that implied by the work
Kinoshita and Cvitanovic, eq (19.8), we first find
the QED data are somewhat more incompatible
than previously; the multiplicative factor to obtain
apatibility (i.e., Rp) is 1.56 compared with 1.40 (see
II1.C.31). Then, using the Carroll-Yao a '(a.)
ult and applying this expansion factor to all of the
D data but otherwise repeating the adjustment used
toiobtain our recommended values, we find the results
of €ase D in table 1. Once again we see only
asional very wminur changes in both the numerical
ues of our recommended constants and in their
ertainties.

Ve also note that a new determination of a, by F. L.
lls and T. S. Stein has recently been reported
ys. Rev. Lett. 31, 975 (1973)]. Using a bolometric
hnique to observe the g-2 resonance of a stored
electron gas, they find a, = 0.001159667(24) (21 ppm),
good agreement with the result of Wesley and Rich,
(19.1), but the uncertainty. of the Walls-Stein value
ome 7 times larger. :

1. Muon Magnetic Moment. The 7.8 ppm correction
>to Jarecki and Herman which was used in section
i:21 to take into account the pressure shift in g;(M)
ms to be slightly in error. These workers appar-
ly used the gage pressure (230 psi) of the two
evant Chicago measurements rather than the abso-
pressure. The correction should actually be 8.3
m. The net eftect of this change is to lower the
te of w,/u, resulting from the Chicago work, eqg
:5), by 0.5 ppm to

My = 3.1833480(148) (4.7 ppm).

us, the Chicago result is now in even better
eement with the more accurate value of Crowe,
liams et al., eq (21.1), than it was previously.

It'is rather obvious that this approximate one tenth
tandard deviation shift would have little impaet on
-recommended values. Its effect on the weighted
an of the three direct measurements of w,/up, eqs
, (21.2), and (21.5), is to decrease it by 0.1 ppm.
quantity o '(vunss), eq (22.4), would thus decrease
only 0.05 ppm, and the consistency factor for the
;. data would change by only 0.01 from 1.40 to
The vast majority of our recommended values
d change by no more than 2 or 3 parts in 108, with
-.exception of u,/u, and other closely related
ntities such as m,/m, and m,; these would change
):07 ppm. The uncertainties of the recommended

values would remain as given in tables 33.1-33:3
22. Muonium Hyperfine Splitting. The final report
by the Chicago group of their zero-field Ramsey

. resonance work originally described in ref. [22.14] has

now appeared [D. Favart et al., Phys. Rev. A 8, 1195
(1973)]. However, the results are unchanged and are as
given in table 22.2. The Chicago group has also
carried out an additional measurement using this same
method but with Ar as the stopping gas [H.G.E.
Kobrak et al., Phys. Lett. 43B, 526 (1973)]. They
report vyn(p) = 4463265.3(2.4) kHz for a density cor-
responding to p = 1802 torr. But in obtaining this
pressure, the real pressure-volume relation for Ar was
not taken into account. Using the virial coefficient data

~of J. H. Dymond and E. B. Smith [The Virial

Coefficients of Gases, a Critical Compilation {Claren-
don Press, Oxford, 1969)], we find p = 1805 torr. (It
should be noted that this difference is of little practical
consequence since the total pressure shift correction is
only of order 10 ppm.)

We also take this opportunity to similarly correct the
Chicago Ar measurements of Ehrlich et al. [22.13] and
to separate their two 12600 torr runs which they had
originally combined. (This separation is more consist-
ent with our handling of the Yale data. Note also that
all of the Yale data as well as the remaining Chicago
data had, in the original papers, been reduced to 0 °C
using the true pressure-volume relation for Ar and Kr.)
Thus, the Chicago Ar data of table 22.2 now reads

Pressure Value

(torr) (kHz)

3030 4463220(22),
3159 4463249.3(13.2),
7150 2463152.17(2. 37),
12734 4463039.7(12.9),
12734 4463020.2(11.4),
1805 4463265.3(2.4),

where we have also slightly revised the uncertainties
we had originally assigned the 3150 and 12600 meas-
urements in order to include the systematic effects
discussed by Erhlich et al. in ref. [22.13].

Repeating the least-squares fit of section 1I.C.22
with these and the remaining data of table 22.2, we
find

Vungs = 4463303.82(1.42)kHz (0.32 ppm),
as = —4.186(65) x 1079 torr™},
ag, = —10.595(56) X 1079 torr™!,
bar = 6.27(85) X 107" torr 3,
by = 8.30(1.24) x 1075 torr 2.
(For this fit, x* is 17.56 for 29 degrees of freedom; Ry
= 0.78.) In comparing these results with those of

section II.C.22, eqs (22.2) and (22.3), we see that the
changes are extremely minor. The muonium hyperfine
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splitting remains unchanged and its uncertainty is
decreased by only 0.08 ppm. Similarly, the various
pressure shift coefficients remain essentially un-
changed but their uncertainties have decreased.

Since it is necessary to use the theoretical expres-
sion for the muonium hyperfine splitting frequency in
order to include the experimental value in a least-
squares adjustment, and since the 2.0 ppm uncertainty
of the former overwhelmingly dominates the several
tenths ppm uncertainty of the later, the cffect on our
recommended values of the above 0.08 ppm decrease
in the uncertainty of vyn(experimental) would be
completely undiscernable, i.e., changes of less than
0.01 ppm.

We also note here that the final report on the
hyperfine pressure shift measurements of Ensberg and
Morgan (ref. [22.16]) for hydrogen isotopes in argon
has now appeared'[C. L. Morgan and E. S. Ensberg,
Phys. Rev. A 7, 1494 (1973)]. Their final results have
changed little from those given in ref. [22.16] and
which we have listed in eq (22.1), except that the
uncertainties have been considerably reduced. These
workers have also accurately measured the tempera-
turc dependence of the fractional pressure shift coeffi-
cient a [see eq (22.1)] and although its effect would be
rather small, for the sake of completeness it should be
taken into account in future extrapolations of Vyn(p)
to zero pressure. This would require full knowledge of
the actual temperatures at which the various measure-
ments of vyn(p) were carried out.

22. Hydrogen Hypecrfine Splitting. Essen et al. in a
recent publication [Metrologia 9, 128 (1973)] have
further described their hydrogen maser work at the
National Physical Laboratory. They have now taken
into account the so called “stem effect” and find that

J. Phys. Chem. Ref. Data, Vol. 2, No. 4, 1973

their earlier result, which was reported in ref. [22.18]
and which we have given in eq (22.5¢), should be
modified to

vunis = 1420405751.7662(3) Hz.

The respective 0.0005 Hz and 0.0007 Hz reductions in
Vinss and its uncertainty are, of course, inconsequential
as far as our final recommended valucs arc concerncd.

24. Newtonian Gravitational Constant. At least three
experiments are currently underway to determine the
Newtonian gravitational constant to greater accuracy:
A collaborative effort between the National Physical
Laboratory, the University of Edinburgh, and the
Instituto di Geodesia e Geofisica of the University of
Trieste [A. H. Cook, Contemp. Phys. 9, 227 (1968); A.
Marussi, Memo. Soc. Astron. [tal. 43, 823 (1972)]; a
collaborative experiment between the National Bureau
of Standards (Gaithersburg) and the University of
Virginia (G. G. Luther and W. R. Towler, private
communication); and a collaborative effort between the
National Bureau of Standards (Boulder) and the Uni-
versity of Colorado at the Joint Institutc for Laboratory
Astrophysics (J. E. Faller and B. Koldewyn, private
communication).

Official Adoption. Our recommended set of con-
stants, tables 33.1, 33.2, and 33.3, were approved for
international use by the CODATA Task Group on
Fundamental Constants and adopted officially by the
8th CODATA Ccneral Assembly at its September,
1973, meeting in Stockholm, Sweden. A summary
report of the present paper by the Task Group giving
our recommended values is published in CODATA
Bulletin No. 11, December, 1973.
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